The role of DNA content as a prognostic factor in colorectal cancer (CRC) is highly controversial. Some of these controversies are due to purely technical reasons, e.g. variable practices in interpreting the DNA histograms, which is problematic particularly in advanced cases. In this report, we give a detailed account on various options how these histograms could be optimally interpreted, with the idea of establishing the potential value of DNA image cytometry in prognosis and in selection of proper treatment. Material consists of nuclei isolated from 50 µm paraffin sections from 160 patients with stage II, III or IV CRC diagnosed, treated and followed-up in our clinic. The nuclei were stained with the Feulgen stain. Nuclear DNA was measured using computer-assisted image cytometry. We applied 4 different approaches to analyse the DNA histograms: 1) appearance of the histogram (ABCDE approach), 2) range of DNA values, 3) peak evaluation, and 4) events present at high DNA values. Intra-observer reproducibility of these four histogram interpretation was 89%, 95%, 96%, and 100%, respectively. We depicted selected histograms to illustrate the four analytical approaches in cases with different stages of CRC, with variable disease outcome. In our analysis, the range of DNA values was the best prognosticator, i.e., the tumours with the widest histograms had the most ominous prognosis. These data implicate that DNA cytometry based on isolated nuclei is valuable in predicting the prognosis of CRC. Different interpretation techniques differed in their reproducibility, but the method showing the best prognostic value also had high reproducibility in our analysis.
INTRODUCTION
Several clinical and pathological variables are useful in assessing the prognosis of colorectal cancer (CRC) patients, but the prediction is far from perfect. Therefore, an active search is ongoing for new prognostic and predictive tools capable of identifying high-risk patients who would benefit from individually tailored treatment options (Galizia et al., 2002; Bendardaf et al., 2004a) . Lately, there has been an increasing interest in DNA quantification (Bazan et al., 2002) .
Indeed, abnormalities in DNA ploidy are seen in many human tumors, and determination of ploidy and proliferative activity has been shown to provide valuable prognostic information (Cohen, 1996; Millot and Dufer, 2000) . Until now, however, the prognostic value of DNA image ploidy has not been fully explored in CRC patients (Salud et al., 1999) , partly because of substantial nuclear overlaps in the tumour sections.
At present, the role of DNA content as a prognostic factor in CRC is highly controversial (Silvestrini, 2000) . While several studies have suggested that DNA ploidy is an independent prognostic factor (Scott et al., 1987; Witzig et al., 1991; Lanza et al., 1998) , others have reported that DNA content is not associated with clinical outcome (Zarbo et al., 1997 , Tonouchi et al., 1998 . Part of these discrepant observations might be explained by the inconsistencies and true differences in the technical aspects of recording the DNA contents. This is clearly shown by our previous study, where only some of the analytical approaches used to assess the DNA histograms resulted in prognostically valuable information (Buhmeida et al., submitted) . It is also well recognised that CRCs consist of many different subpopulations of tumor cells with different DNA content (Petersen et al., 1979; Tribukait et al., 1983) A feasible explanation for these controversies might be the variations in the genomic instability of CRC. Our previous study suggested that this variation was typically associated with wide histograms. Indeed, DNA values over a wide range are associated with the ability of tumour cells to survive, grow, and metastasize (Geido et al., 2002) . DNA aneuploidy as such is a known biological marker of the oncogenic potential of colorectal adenomas (CRA). Accumulation of genetic alterations of cancer-related genes is also essential in colorectal carcinogenesis (Fearon and Vogelstein, 1990; Aaltonen, 1996; Tomlinson et al., 1997) . However, it is unclear whether there is any relationship between these genetic alterations in progression of CRAs and early CRCs (Sugai et al., 2003) . Only a small number of studies have analysed genomic instability in relation to DNA histogram features of CRC (Hawkins et al., 2001 , Giaretti et al., 2003 Interpretation of the histograms from advanced cancers is problematic, however. In this study, we give a detailed presentation on how these histograms can and should be interpreted in a consistent manner. This is particularly important in the prospective studies evaluating the importance of DNA image cytometry in CRC.
PATIENTS AND METHODS
The present patient material comprises a series of 160 patients diagnosed and treated for Stage II, Stage III, and Stage IV (Dukes B, C, and D) colorectal cancer (CRC) at the Department of Oncology and Radiotherapy, Turku University Central Hospital and six other hospitals in the same hospital district, between January 1996-December 1997. The numbers of patients were as follows: stage II 95, stage III 28, and stage IV 37. The patients were seen at 6 month intervals until death or conclusion of the follow-up time. The mean follow-up time for the whole series was 53.9 (SD 24.8) months (median 61.3 month).
FEULGEN STAINING
One hundred and sixty formalin-fixed, paraffin embedded cancer samples were obtained. Sections were cut serially at a thickness of 5 µm for routine haematoxylin and eosin staining. Based on the original pathology reports, conventional histological slides were examined from blocks which appeared to contain a satisfactory proportion (60%) of tumour cells. Only samples with predominance of cancer tissue were accepted for the study. Normal stromal diploid cells were invariably present in the samples, but they represented a minority. For the Feulgen staining, nuclei were isolated from 50-µm-thick paraffin sections according to the method described by Hedley et al (1985) , in which the sections are placed in glass tubes and dewaxed in xylene, following which they are rehydrated by sequential immersion in 100%, 95%, 70%, and 50% ethanol, washed in water, and treated with 0.5% pepsin (activity 2,500-3,200 units per mg protein), adjusted to pH 1.5, in a 37°C water bath. The isolated nuclei were cytocentrifuged on glass slides and stained with Feulgen stain according to the method of Gaub et al. (1975) . The samples were washed in distilled water, followed by acid hydrolysis in 5M hydrochloric acid at room temperature (20°C) for one hour. After washing in distilled water, samples were treated in darkness with Schiff's reagent (stain: pararosaniline) for 2 hrs 45 min at room temperature (20°C), rinsed in distilled water, treated for 3 × 10 minutes in fresh aqueous sodium tiosulphate (180 ml distilled water, 10 ml 1 M HCl, 10 ml 10% Na 2 S 2 O 5 ), and rinsed for 5 min. The Feulgen reaction labelled DNA magenta. The intensity of the stain in these samples is proportional to the amount of DNA present. After dehydration the smears were treated with xylene and mounted, then stored in darkness.
IMAGE ANALYSIS CYTOMETRY
The intensity of Feulgen staining was measured using a computer-assisted image analysis cytometry system with a Nikon microscope (Eclipse E 400; Japan) utilizing AHRENS ICM, which is a cytometry system based on Microsoft Windows for analysis of DNA content or immunostaining (designed and produced by Olaf Ahrens; Meßtechnische Beratung, Bargteheide/Hamburg, Germany). The field of view from the camera (JAI DSP surveillance color CCD camera, CV-S 3200/3300) was stored in image memory with resolution of 736 by 560 pixels. The image was produced by a plan objective (Nikon; X 40) and the measurements were made from that image. Prior to each measurement session the illumination of the microscope was adjusted according to the method of Köhler (Bohnhoff, 1979) . Several histograms were produced twice, and the histograms turned out to be very similar.
INTERPRETATION OF THE DNA HISTOGRAMS
Feulgen-stained samples were available from the primary tumours of all 160 patients. The whole slide was scanned at 10× objective to find the most suitable area or areas for analysis, with atypical cells, when possible. The selected area or areas were scanned at 40× objective, and an average of 10-15 microscopic fields were selected, and at most 200 consecutive tumour nuclei with clear nuclear borders were outlined and measured. Overlapping or cut (from surfaces of the 50 µm section) nuclei were not measured. In addition, 30 small lymphocytes were measured as internal controls. The internal (lymphocytes) control peaks represent the location of the 2c diploid peak (c = haploid DNA content). The control peak was always narrow with small variation (coefficient of variation <5%).
We applied four different approaches for analysis of the histograms obtained in DNA cytometry, as follows:
1. ABCDE approach (The general appearance of the histogram)
This approach classified the histograms according to the location and appearance of the peaks into different groups (A, B, C, D, and E) (Bendardaf et al., 2004b) .
A: The histogram showed one dominant diploid or peridiploid peak (mode within 1.7c-2.3c). No other prominent peaks were present.
B: The histograms with a dominant tetraploid or peritetraploid peak (mode within 3.41c-4.41c), or a broad peak with the mode centering on 4c.
C: The histograms with prominent peak between the 2c and 4c regions (mode within 2.31c-3.4c).
D:
The histogram had a narrow or broad peak with mode above 4.41c, or there were several prominent peaks.
E: The other histograms not belonging to any of the above categories. Histograms with too few cells to show any peaks.
Range evaluation approach (The width of the histogram)
In this approach, we concentrated mainly on the range of the histograms, i.e., the width of the histograms. We classified the histograms as being distributed within 12 different gates as follows:
1.8c -4.4c 3.0c -4.4c
1.8c -5.0c 3.0c -5.0c
1.8c -7.0c 3.0c -7.0c
1.8c -9.0c 3.0c -9.0c
1.8c -10.0c 3.0c -10.0c
1.8c ->10c 3.0c ->10c
The first six were also grouped together as lowstart gates (1.8c upwards) (=1st set), and the last 6 as high-start gates (3.0c upwards) (=2nd set). The absolute width of the histogram was also measured. On this basis, the gates were divided into 2 groups: A (width 1.4 -6.0 units, narrow range) consisting of gates 1.8c -4.4c, 1.8c -5.0c, 1.8c -7.0c, 3.0c -4.4c, 3.0c -5.0c, 3.0c -7.0c, 3.0c -9.0c; and B (width 6.1->10 units, wide range) including the gates 1.8c -9.0c, 1.8c -10.0c, 1.8c ->10c, 3.0c -10.0c, 3.0c ->10c. This classification is called the 2-tier system. In addition, a 3-tier grading was tested classifying the width of the histograms into narrow (1.4-3.0 units), intermediate (3.1-6.0 units) and broad (6.1->10 units) range categories, following the same principles.
3. Peak evaluation (Peaks grouped according to mode of the peak) In this approach, we classified the samples into different categories according to the location of the mode of the peak(s) in the histogram. The gates describing the location were:
2.3c -3.7c
3.7c -4-3c
4.3c -6.0c
6.0c -7.7c
Events at high DNA values
In this approach we calculated the fraction of the cells above certain cut-off points. We selected the following cut-offs for the analysis:
REPRODUCIBILITY OF THE METHOD
The histograms were evaluated by the first author by using the 4 approaches at one time point. After a period of 4 weeks, the evaluation of the same histograms was blindly repeated again. Reproducibility of the evaluation of the histograms was 89% for the ABCDE approach, 95% for the range evaluation approach, 96% for peak's evaluation approach, and 100% for the events at high DNA values approach. (Figs. 1A,B) . The reason was that enough nuclei could not be found for the analysis. If DNA values were distributed over a wider range, but were so few that no peaks were detected, evaluation was considered uncertain. However, because >5c cells could be present, such samples could suggest a category in the ''events at high DNA values''-approach. Fig. 1C shows that there are cases in which a pure diploid peak can appear clearly after a limited number of studied nuclei. Fig. 1C can be interpreted to present a diploid nuclear population, but because of the limited number of nuclei, the decision may be uncertain. In this material, samples with diploid peak only were extremely rare (4/160). (Figs. 2C,D) . The latter types of histograms were clearly wider than histograms with the tetraploid peak only. In our series, there were 45/160 cases with a dominant tetraploid peak or dominant tetraploid peak plus a proliferative peak.
EXAMPLES OF INTERPRETATION OF THE HISTOGRAMS
In addition to dominant diploid and tetraploid peaks, there were a substantial number of cases (71/160) with dominant aneuploid peaks (Fig. 3 ). These were usually associated with corresponding proliferative cell population. (Steinbeck, 1998) The cancers with typical histogram showing peaks (diploid or peri-diploid, tetraploid or peri-tetraploid, and aneuploid peaks) -after progression -seem to merge into histograms with the '' New York skyline'' appearance. Often in the latter you can imagine a tetraploid or an aneuploid peak, but the continuity of events over the scale, without practically any interruption between events defined such cases as belonging to the ''NY skyline'' category (group D , Fig. 4 ). We had (18/160) cases with this histogram profile in our material. -table) analysis for the outcome measure (DSS, DFS) was based on Kaplan-Meier method. Survival analysis was also run by using Cox's proportional hazards model (both in univariate mode for continuous variables and in multivariate mode) in a backward stepwise manner with the log-likelihood ratio (L-R) significance test, and using the default values for enter and exclusion criteria. The assumption of proportional hazards was controlled by log-minus-log (LML) survival plots. In all tests, the values p<0.05 were regarded statistically significant.
Fig. 3. Histograms of aneuploid peaks with corresponding proliferative peaks. (A) Prominent peak at 3c region with a broad peak at 6c that may reflect the proliferative cells of a dominant population. The histogram characteristics are those of group C. A few nuclei are located at the tetraploid region. The patient is a 35-yearold woman with stage III CRC (Grade 2), who is alive and well after 59 months. This histogram belongs to wide range histograms. (B) Prominent aneuploid peak at 3.5c with small peak at 7c, which may reflect proliferative dominant cells. The nuclei distributed between 4c and 6c may be due to uneven mitotic divisions, or reflect proliferation. The histogram would be interpreted as group C in the ABCDE approach. The range of the DNA values falls between 3c-10c (note 2 nuclei at 10c). The patient, 86-year-old man had stage II, Grade 2 disease and he died of other cause 41 months after the diagnosis. Also this histogram belongs to the wide range histogram category. (C) Prominent peak below 3c with another peak below 6c, which most likely reflects the proliferation of the dominant cell population. There is also small broad peak around 5c region. The range of DNA values is between 1.8c-10c with 30% of cells above 5c. According to the ABCDE system, this histogram belongs to group D. The patient was a 59-year-old woman with stage II (Grade 1) disease, who died of disease 15 months after diagnosis. Another example of a wide range histogram. (D) Prominent peak at 3c with broad peaks at 5c and 6c regions. The peak at 6c may reflect the proliferating cells of the dominant cell populations

STATISTICAL ANALYSIS
RESULTS
ABCDE approach. In our series, the ABCDE approach proved to be of no statistical significance in predicting patient survival (p = 0.728).
Range evaluation approach. The low start gates and the high start gates were significantly different in respect to disease outcome. When all cases were analysed in terms of the 5-year disease-free survival (DFS), the association was significant (p < 0.010).
When the follow-up time covered the whole observation period, the results lost their significance (p < 0.108), because the survival curves overlapped after 6 years ( Fig. 5) . At best (at 4-5 years), the difference in survival was almost 25%. Diseasespecific survival (DSS) did not reach statistical significance in the 2-tier system (p < 0.08). The 3-tier system showed that narrow and intermediate widths very much carried the same prognostic information suggesting that the 2-tier system should be applied in clinical practice.
Because stage IV disease with distant metastasis has per se worse prognosis than stage II and III disease, the former were excluded from the analysis. In this series with stage II and stage III disease only, the 3-tier system was a significant predictor of DSS (Fig.  6) (p < 0.02), but it did not predict DFS (p < 0.1986). However, a significant separation of the survival curves was evident when the 2-tier system was used, for both DSS ( Fig. 7 ; maximal separation of curves 30% units)(p < 0.009) and DFS (p < 0.0106)(data not shown). These results suggest the potential of DNA cytometry in finding the patients at high risk for clinically progressive disease. (1.4-6.0 units, 42 pts) and wide range histograms (6.0-<10.0 units, 58 pts) , and deviate from each other significantly .
DISCUSSION
Genomic instability is observed in the majority of human tumors, and dysregulation of the mitotic spindle checkpoint is thought to be one of the mechanisms that facilitate the development of aneuploidy in the tumor cells (Jaffrey et al., 2000) . However, the much of the mechanisms behind genetic instability and aneuploidy still remains unexplored (Giaretti et al., 2004) .
CRC develops through a multi-step process with an accumulation of multiple genetic alterations. By estimating chromosomal instability (CIN) and/or microsatellite instability (MSI), one gets an overall impression of this genomic instability. The CIN phenotype is found in approximately 85% of the sporadic CRCs and is characterized by aneuploidy and multiple chromosomal rearrangements. The MSI phenotype, on the other hand, is associated with small insertions and deletions mainly in repetitive sequences (microsatellites) and is found in approximately 15% of the cases, being characterized by diploidy or near diploidy (Westra et al., 2004; Rajagopalan and Lengauer, 2004a) .
Aneuploidy is one of the features of cancer cells that distinguish them from normal cells (Rajagopalan and Lengauer, 2004b) . Because aneuploidy has been recognized as a cardinal feature of many cancers playing an important part in tumorigenesis, it is also a potential therapeutic target, currently under investigation.
There are controversies regarding the role of DNA content as a prognostic factor in human cancer. At least part of this controversy can be explained by the inconsistencies in recording the DNA contents. This was also shown by our previous study on stage II and stage III cases (Buhmeida et al., 2005) , where only some of the analytical approaches used resulted in prognostically valuable information. Accordingly, using the ABCDE system, the histogram patterns were similar in patients who were alive and those who died of disease, which means that this approach of analysis did not able to extract useful information regarding the survival and the same was true with the modal peak evaluations (for both sets). However, when the histogram width (range evaluation) was used to predict the outcome (alive/died), significant differences were disclosed. Indeed, 77.8% of the patients who died of the disease showed the widest histogram width, as compared to 50.7% of those who were still alive. In practical terms, the narrow range was an infrequent pattern in patients who died of the disease, and a narrow range usually predicted a favourable outcome (i.e., survival).
We feel that prospective studies on the value of image DNA cytometry in CRC are urgently needed. The true value of DNA measurements can only be evaluated in a study setting where staging is done carefully and in a consistent way, which is rarely possible in retrospective studies. Thus, in the evaluation of DNA cytometry in CRC, it is not only the DNA cytometry itself which should be standardized but also the staging of the disease should be done carefully and in a consistent and comprehensive manner.
There is little doubt that genomic instability is reflected as the wide range histograms, and most of these wide range histograms show DNA aneuploidy. In line with this, the ABCDE system, which does not concentrate on range, did not predict either DFS or DSS in Kaplan-Meier analysis. In contrast, the, modal peak evaluation showed that DFS was shortest for the patients with the modal peak at gate (6.0-7.7c) (28.9 months) and for those with modal peak at gate (4.3-6.0c) (37.8 months). The value of high DNA values was even more convincingly demonstrated by the analysis of the histogram width (range evaluation). The first set (gates 1-6) was a significant predictor of DFS in Kaplan-Meier analysis, showing that the disease recurrence was closely associated with the histograms of the widest range 1.8c->10c. Even more importantly, the first set proved to be a significant predictor of DSS as well.
When these individual histogram gates were lumped together to form a 3-tier system or a 2-tier system of grading, indeed, survival was markedly better (77.8-90.0%) among the patients with the narrow range histograms. It declined rapidly among the patients with intermediate range histograms and dramatically dropped among the patients with the wide range histograms. The histogram width appeared as a significant predictor of DSS. When applied to predict DFS, the result was not significant, but useful information could still be obtained by viewing the survival curves. It is evident that recurrence rate is markedly higher among the patients with wide range histograms. Thus, by the end of 24-month follow-up, over 20% more of the patients with wide range histograms have developed a relapse, as compared to those with narrow range histograms.
It is important to notice that associations of DNA histogram features were often different with DFS and DSS. One of the reasons is that these two measures evaluate different things. It is also obvious that great difficulties are often encountered in accurately defining DSS, especially if autopsies are not performed for all patients. The classification of patients into the DFS categories (disease present/absent) is probably more consistent in practice.
These data implicate that patients with wide histograms should require closer monitoring at regular intervals. The fact that significant observations are made with some (but not all) of the interpretation methods of the histograms only is another example of the complexity of the DNA patterns. It is obvious that histogram interpretation should be as comprehensive as possible so as to reveal all survival-associated characteristics. In this respect, it is encouraging that the method which gave the best prediction of survival also had high rate of reproducibility in our analysis. One also has to stress that these results are based on analysis of isolated nuclei. DNA cytometry measurements directly from the histological sections are practically impossible, due to the overlaps and cutting of the nuclei.
